We report a full suite of radiogenic, nucleogenic and fissiogenic noble gas compositions obtained by step-heating experiments from early Archaean Greenland zircons. We estimated activation energy (E a ) of diffusion and closure temperatures (T c ) for radiogenic 4 He* and fissiogenic 86 Kr* and 136 Xe* in zircons. These data demonstrate that the combined study of (U-Th)/He and (U-Th)/Kr-Xe can provide powerful geochronological information on cooling ages and crystallization ages from the same samples.
the geology and SHRIMP U/Pb zircon dating of the Greenland zircon samples is available in Honda et al. (2003) , and the original references are therein.
About 50-100 mg of the zircon samples were heated from 400°C to 2000°C for 30 min. for each step in a resistively heated, double-vacuum tantalum furnace system. The uncertainties of temperature measurements were estimated to be ~50°C. Blank measurements for noble gases were taken periodically at various extraction temperatures. Typical procedural blank levels for step-heating were 4 He = 2-6 × 10 -11 , 20 Ne = 1-4 × 10 -12 , 40 Ar = 4-9 × 10 -9 , 84 Kr = 1-5 × 10 -13 , and 132 Xe = 3-5 × 10 -14 cm 3 STP. Within uncertainties noble gas isotopic ratios in blank runs were atmospheric.
RESULTS AND DISCUSSION

Abundances of radiogenic, nucleogenic and fissiogenic noble gases
Radiogenic, nucleogenic and fissiogenic noble gas compositions in the Greenland zircons obtained by stepheating experiments are presented in Appendix, where all 4 He released from the samples is assumed to be radiogenic. In order to calculate the amounts of nucleogenic 21 Reiners et al. (2002) and Tagami et al. (2003) . The results of this study provide background information for noble gas thermochronometry of zircons (e.g., (U-Th)/He thermochronometry (Reiners et al., 2002) , Xe-Xe dating technique (Shukolyukov et al., 1974) ).
SAMPLES AND EXPERIMENTS
Two samples are of granite (G97/111) and ferrogabbro/ ferrodiorite (G97/112) from the same ca. 3.64 Ga intrusive body (Baadsgaard, 1973; Nutman et al., 1984; Nutman et al., 2000) . The third sample (G97/018) is a well-preserved metatonalite with an age of ca. 3.81 Ga (Nutman et al., 1999) . The U/Pb ages of these zircons were determined by SHRIMP (Table 1) . A summary of rections were not applied for the noble gases released from the samples because noble gas isotopic ratios in blank runs were atmospheric.
The expected amounts of radiogenic 4 He produced in the zircons, calculated from U and Th concentrations and ages of the samples ( 22 Ne, respectively); the calculation was made by using algorithms described in Yatsevich and Honda (1997) . It is noted that the production of nucleogenic 21 Ne* in zircons is about 17% smaller than the production in silicates (Yatsevich and Honda, 1997) . This is because the mass fraction of oxygen in zircon is lower than in silicate. For the calculation of nucleogenic 22 Ne* a fluorine content of 30 ppm was arbitrarily assumed.
A precise value of [ λ U sf × Y U sf 136 ] (=6.8 × 10 -18 /a) has been determined from the study of U-bearing accessory minerals (Ragettli et al., 1994) , where λ U sf and Y U sf 136 are the decay constant for spontaneous fission of 238 U and the fission yield of 136 Xe, respectively, and it was used, together with U contents and ages of the samples (Table  1) , to calculate the expected amounts of fissiogenic 136 Xe* in the samples. The 136 Xe*/ 86 Kr* spontaneous fission ratio of 6.1 was previously determined from the measurements of uranium-bearing minerals (Eikenberg et al., 1993) , and this value was used to calculate the expected amounts of fissiogenic 86 Kr* from the expected amounts of 136 Xe* in the samples. These amounts are also shown in Appendix.
Reasonable agreement between the expected and observed amounts of nucleogenic 21 Ne* and fissiogenic 86 Kr* and 136 Xe* indicates that these noble gas compositions have been retained in the zircon samples without significant loss since the zircon samples formed at 3.81 and 3.64 Ga. In contrast, about 90% of radiogenic 4 He appears to have been lost from the zircon samples. The difference in diffusive characteristics between helium and the heavier noble gases, particularly fissiogenic 86 Kr* and 136 Xe*, will be discussed later by investigating diffusion profiles of these gases.
On the basis of the amounts of nucleogenic 22 Ne* and U contents in the samples, fluorine contents in samples G97/018, 111 and 112 were estimated to be 19, 17 and 28 ppm, respectively. In contrast, fluorine contents in igneous zircon are reported to be 6-10 ppm (Hoskin, 1999) . Thus, apparently high fluorine contents in samples G97/ 018, 111 and 112 may reflect the existence of sub-micron size fluorine-rich mineral inclusions such as apatite and possibly biotite within zircons; evidence for micro apatite inclusions in zircons comes from coupled P, Ca, Sr "spikes" in LA-ICP-MS (laser ablation inductively coupled plasma mass spectrometry) analyses (Nutman, unpublished data) . Similarly, from the amount of radiogenic 40 Ar* potassium contents in samples G97/018, 111 and 112 were estimated to be 0.18, 0.27 and 0.54 ppm, respectively, indicating the presence of potassium-bearing mineral inclusions in the Greenland zircon samples.
Gas release
In order to examine the characteristics of radiogenic 4 He* and 40 Ar*, nucleogenic 21 Ne* and fissiogenic 86 Kr* and 136 Xe* release from the Greenland zircons, the samples were heated in temperature increments from 400°C to 2000°C. Figure 1 shows release patterns of these gases by step-heating from sample G97/018. Radiogenic 4 He* release increased monotonically, with maximum at 800°C, and by 1200°C the gas extraction was virtually complete. In contrast, fissiogenic 86 Kr* and 136 Xe* were released at higher temperatures than helium, beginning at 1200°C and ending at 2000°C. The gas release patterns of nucleogenic 21 Ne* and radiogenic 40 Ar* were not monotonic and were somewhat more complex. This probably reflects release of these gases from mineral inclusions within zircons, and therefore the diffusion profiles of nucleogenic 21 Ne* and radiogenic 40 Ar* in these zircons will not be discussed. Table 2 . Based on E a and D 0 /a 2 estimated for each of the gases from the zircon samples, closure temperatures (T c ) (Dodson, 1973) were calculated assuming a 10°C/Myr cooling rate. The diffusion data and closure temperatures for the other zircon samples (G97/111 and G97/112) were calculated in the same manner and they are also listed in Table 2 .
Both E a and T c calculated for 4 He*, 86 Kr* and 136 Xe* in the Greenland zircon samples show mass-dependent characteristics. The E a and T c calculated for helium range 138-101 kJ/mol and 116-147°C, respectively. Reiners et al. (2002) determined activation energies of helium diffusion in 28 Ma zircons from Fish Canyon Tuff, Colorado in low temperature (280-600°C) helium diffusion experiments, where they found E a and T c of 184 kJ/ mol and 190°C. Because radiation damage associated with alpha recoil and fission products generally increase diffusivity and decrease activation energy, the difference (Reiners et al., 2002; Tagami et al., 2003) . In the case of the Greenland zircons, relatively young (U-Th)/ He ages (300-500 Ma determined from the U and Th contents and 4 He* concentrations) probably represent the last low grade metamorphic event, recorded from fission track studies of other zircon samples in the area (Gleadow, 1978) . Our West Greenland results might indicate effects originating in the western foreland of the Caledonian Orogen which lies in East Greenland.
E a and T c calculated for 86 Kr* and 136 Xe* in the Greenland zircon samples are higher than those for helium (Table 2) . From diffusion data for these isotopes we may conclude that fissiogenic 86 Kr* and 136 Xe* were accumulated in the zircon samples since they formed without any subsequent loss, and (U-Th)/Kr-Xe ages of zircons provide information on crystallization.
In conclusion, the diffusion data for 4 He*, 86 Kr* and 136 Xe* demonstrate that the combined study of (U-Th)/ He and (U-Th)/Kr-Xe can provide additional geochronological information from the same samples. For example, our data imply a late Palaeozoic metamorphic event and provide additional constraints on the temperature range attained during this event.
